V oltage-dependent calcium channels are present in many cells. In certain cells, such as cardiac cells, these channels represent the major pathway through which Ca 2+ enters the cells. The opening and closing of calcium channels can be modulated by a wide variety of drugs ' 2 that bind to receptors believed to be located on the channels themselves.
3 " 7 The major classes of these drugs are 1) the phenylalkylamines, such as verapamil and D600; 2) benzothiazepines, such as diltiazem; and 3) the 1,4-dihydropyridine derivatives, such as ( + )PN 200-110, nifedipine, nimodipine, nitrendipine, and Bay k 8644. The dihydropyridine derivatives are interesting (±)Nitrendipine generally acts as a calcium-channel inhibitor but sometimes acts as a calcium-channel activator." The racemic Bay k 8644 can act as a calcium-channel activator or inhibitor, depending on the concentration and the membrane potential used.
10~12
Recent data have shown that the stereoisomers of Bay k 8644, and of another dihydropyridine known as 202-791, have opposite actions. 13 " 16 Results from these studies showed that ( -) B a y k 8644 and ( + )202-791 are calcium-channel activators, while ( + )Bay k 8644 and (-)202-791 are calcium-channel inhibitors. While the activating and inhibitory effects are probably mediated through a common receptor, the basis for the agonistic and antagonistic effects of these compounds is not known. In this report, the characteristics of the binding of several calcium-channel activators and inhibitors to dihydropyridine receptors in chick cardiac membranes are compared to determine if there are fundamental differences in the properties of dihydropyridine receptor/1 igand interactions. 
Materials and Methods

Materials
Membrane Isolation
Membranes were prepared from hearts of chicks 1 -3 weeks old as described previously by Hosey and Fields. 17 Protein concentrations were determined according to Bradford.' 8 
Equilibrium Binding
All binding reactions were performed under reduced or sodium lighting due to the light sensitivity of the dihydropyridines. Binding assays (0.5 ml) were conducted in buffer [HEPES (Na + ) 10 mM, MgSO 4 2 mM, and EDTA 1 mM, pH 7.4] and contained 15-30 /ng membrane protein and varying concentrations of radioactive ligand as indicated. Nonspecific binding was defined as that observed in the presence of 1 /*M ( + )PN 200-110 or 1 /xM (±)nitrendipine. Competition experiments were performed under similar conditions and contained 0.5-1 nM of radioactive ligand and varying concentrations of unlabelled ligand. The length of incubation that allowed equilibrium to be reached varied with the temperature of the incubation. Incubations from 0°-13° C were for 3 hours, from 15°-20° C for 1.5 hours, at 25° C for 1 hour, and from 3O°-37° C for 45 minutes. All reactions were stopped by quickly filtering over Whatman GF/A filter strips using a Brandel cell harvester and washing 4 times with 4 ml of ice-cold 10 mM HEPES, pH 7.4. Radioactivity retained on the filters was determined using an Omnifluor-based scintillation cocktail. For direct binding studies, dissociation constants were determined from Scatchard plots. IC 50 values were calculated from Hill transformations of competition curves, and converted to Ki values according to Cheng and Prusoff. 19 Competition curves were analyzed by the nonlinear least-squares regression program LIGAND 20 to determine if the data were best fit to a one-or a multiple-site model. In all cases, the data were best described by a one-site model.
Kinetic Studies
Radioligand (1-5 nM) and membranes were preincubated until equilibrium was reached; 1 /xM unlabelled ligand was then added for the desired time, and samples were filtered as described above. For determination of association rate constants (k +l ), the amounts of labelled ligand-receptor complex in aliquots taken at various times between initiation of the reaction and the time to equilibrium were determined, and the data were analyzed as described by Maelicke et al. 21 Dissociation rate constants (k_,) were determined by measuring the amount of labelled ligandreceptor complex remaining at various times after the addition of excess unlabelled ligand. Nonspecific binding was determined by including 1 /xM unlabelled ligand during the preincubation.
Thermodynamic Analysis
AH° values (changes in enthalpy, in kcal/mol) were calculated from the slopes of van't Hoff plots, in which the reciprocal of the temperature (in degrees Kelvin) was plotted against the natural logarithm of the affinity constant (K a ) at that temperature. Values of AG°( Gibb's free-energy change, in kcal/mol) were calculated from the equation
where R is the gas constant (1.99 cal/mol) and T is temperature in degrees Kelvin. AS 0 values (changes in entropy, in cal/mol °) were calculated from the equation AG° = AH°-(TAS°).
Results
Mutual Competition of the Dihydropyridines for Their Binding Sites
That the dihydropyridines all bound to the same population of binding sites was determined by performing competition experiments at 25° C with 3 Hlabelled and unlabelled ( + )PN 200-110, (±)nitrendipine, and ( ± )Bay k 8644 in all combinations ( Figure  1 ). In each case, complete displacement of the labelled 1 igand by the unlabel led 1 igands was observed. The IC 50 values, Hill coefficients and K, values derived for each curve are given in Table 1 . The Hill coefficients were close to 1, suggesting that the drugs bound to a single binding site. Analysis of the data by LIGAND verified that the data were best fit to a one-site model. Thus, the calculated K^ values should reflect the affinities of these drugs for the receptors. In subsequent studies, we found that ( -) two ways. First, direct binding experiments at 0°, 25°, and 37° C were performed with each radioligand. Scatchard plots were constructed from saturation isotherms and are shown in Figure 2 ; the mean K d and B max values are given in Table 2 . Since the affinity of the receptor for ( ± ) [ 3 H]Bay k 8644 was very low at 37°C , to directly analyze the binding of this ligand at 37°C was not possible. Instead, the affinities determined from competition experiments (shown in Figure 3 ) are given for comparison ( Table 2 ). The results of these studies showed that temperature had significant effects on K d but 1 ittle effect on B max . The affinity of the receptor for (±) 
H]PN 200-110, (B) (± )['H]nitrendipine. or (C) (± )[ J H]Bay k 8644 at 0° C (•), 25°C (o), or 37° C (A). The Scatchard plots shown are from representative experiments.
To investigate further the temperature dependence of dihydropyridine binding, competition experiments were performed at 0°, 12°, 25°, and 37° C using ( + ) 
5nM( + )['H]PN 200-110 and varying concentrations of (A) (+ )PN 200-110, (B) (-)PN 200-110, (C) C ± )nitrendipine, (D) (± )Bay k 8644, (E) (-)Bay k 8644, (F) ( + )Bay k 8644, (G) (-)202-791, and (H) ( + )202-791 as indicated. Results shown are from representative experiments.
shape of the competition curves changed little with temperature; the Hill coefficients were close to unity (data not given). Analysis by LIGAND indicated the data were best fit to a one-site model. K, values were calculated and are given in Table 3 . The K; values for the Bay k 8644 compounds, the stereoisomers of 202-791, and nitrendipine decreased between 5-19 times with decreasing temperature (Figure 3 , Table 3 ). In all cases where both labelled and unlabelled ligands were studied, the K, values determined in competition studies agreed with the K d values calculated from direct binding studies (Tables 2 and 3) .
To more rigorously analyze the binding reactions, a thermodynamic analysis of the energetics of binding was performed. To determine the enthalpy changes associated with binding, van't Hoff plots were constructed ( Figure 4 (Figure 4) . To analyze the energetics of the reactions, changes in enthalpy (AH°) were calculated from the slope of the van't Hoff plots; changes in entropy (AS 0 ) were calculated from the equation AG° = AH 0 -(T AS 0 ) and are given in Table  4 . The results show that the binding of the two pure isomers considered agonists, ( -) B a y k 8644 and ( + )202-791, was driven by enthalpy and was associated with unfavorable decreases in entropy. This pattern was only observed with these two compounds. In contrast, entropy was the main driving force for the interaction between the antagonist ( + ) [ 3 H]PN 200-110 and the dihydropyridine receptor at temperatures <25°C and for the antagonist nitrendipine and the receptor at temperatures <15° C. At higher temperatures, the increases in entropy associated with ( + )PN 200-110 and nitrendipine binding were smaller, and binding was partly driven by enthalpy. Not all antagonists showed this pattern, for the binding of all the other ligands, including the antagonist isomers of Bay k 8644 and 202-791, was driven by enthalpy and was associated with favorable increases in entropy (Table 4) .
Kinetic Properties of Ligand/Receptor Interaction
To determine the basis for the wide range of affinities of the receptor for the dihydropyridines, the association and dissociation kinetics for each of the radioligands (at 25° C) was determined. Since the affinities of the stereoisomers of Bay k 8644 differ considerably, under our conditions at equilibrium using 1-2.5 nM (±) [ 3 H]Bay k 8644, mainly the high-affinity isomer will be bound; the contribution of the labelled lowaffinity isomer in dissociation experiments should be Figure 3 and Table 2 . No B max values determined. 
FIGURE 4. Van' t Hoff plots depicting temperature dependence of dihydropyridine binding. Data are from direct binding studies with (+ i/'H/PN 200-110 and (± )['Hjnitrendipine; the data with other ligands are from Figure 3. Each point shown is the mean + SEM for 3-5 determinations, except for (-) and (+ )Bay k 8644 at 12° C that were single determinations. used racemic [ 3 H]nitrendipine and [
3 H]Bay k 8644, the contributions of isomers in the initial phase of the association reactions are not known; the isomers may associate in a similar or completely different manner, independent of their equilibrium constants. Therefore, the observed association rate constants for these ligands may be twofold different than the rate constant of the isomer with the highest rate constant. The dissociation constants derived from the kinetic constants were 0.06 nM for ( + )| (Table 2) . Despite the uncertainties raised by the use of the racemic ligands, it is clear from these data that large differences in dissociation rate constants most likely account for the observed differences in the affinity of the three radioligands for the dihydropyridine receptor (at least at 25° C).
The benzothiazepine calcium-channel inhibitor diltiazem is known to slow the dissociation of (±) [ 3 H]nitrendipine from the brain dihydropyridine receptor. 23 The effect of diltiazem on the dissociation of the three labelled dihydropyridines from the cardiac dihydropyridine receptor ( Figure 5 ) was determined. The dissociation rate constants for ( + ) 
Dependency of (± )[ J H]Bay k 8644 Binding on Divalent Cations
To compare further the properties of the binding of the three radioligands, it was determined whether the binding of (±) [ 3 H]Bay k 8644 was allosterically regulated by divalent cations. High-affinity binding of The most commonly observed effects of these latter 2 drugs are that (±)nitrendipine is a calcium-channel inhibitor, 1 whereas ( ± )Bay k 8644 is a calcium-channel activator. 10 However, under certain experimental conditions, the opposite effects have also been observed for both drugs. 9 " 1227 While it may be that the mixed actions of racemic Bay k 8644 are due to the opposite effects of the two isomers, it is not yet known whether this is the case for racemic nitrendipine as the effects of the isomers of nitrendipine have not been reported.
The compounds analyzed in the present study varied widely in their affinities for the chick cardiac dihydropyridine receptor, with dissociation constants in ligand-binding studies ranging from 0.1 nM-0.1 /u.M. In general, the chick heart receptor had the highest affinity for the antagonists ( + )PN 200-110, ( ± ) nitrendipine, and ( -)202-791, but it bound the agonists ( -)Bay k 8644, ( ± )Bay k 8644, and ( ± )202-791 with lower affinity. However, some antagonists bound with lower affinity than agonists, e.g., ( -)PN 200-110 vs. ( -) B a y k 8644. Therefore, it is not possible to classify a dihydropyridine as an agonist or an antagonist using affinity as a criterion. The observed lower affinity of ( ± ) , which strongly suggests that all dihydropyridines bound to the same receptor. Although predicted, this finding was important to demonstrate in order to ensure that all the ligands, agonists and antagonists, act via the same receptor. In addition, the present studies showed that the binding of all tested ligands was to the same affinity state of the receptor, at least at 25° and 12° C. In some competition experiments performed at 0° and 37° C, Hill coefficients were slightly less than 1, which could indicate the presence of a second binding site with lower affinity. However, analysis of these data by the nonlinear regression program LIGAND 20 for a one-or a two-site fit indicated that the data were best described by a one-site fit. The K t values calculated from a one-site fit using the Cheng and Prusoff equation were not significantly different from K d values calculated by LIGAND. It has been proposed that two high-affinity binding sites for dihydropyridines are associated with voltage-dependent calcium channels in polarized rat cardiac cells but that only one high-affinity site is detectable in depolarized cardiac cells. 28 No attempt was made in the present study to test the effect of varying membrane potential on the binding of the different ligands. The conditions of our assays would correspond to depolarized conditions (no membrane potential). Of note, the Kp determined for ( -) and ( + )202-791 at 37° C in the present study using isolated "depolarized" membranes are almost identical to the K^s determined for the binding of these ligands to intact cardiac cells of rats at 37° C under depolarized conditions. 28 In the study of Kokubun et al, 28 it was suggested that depolarization increases the relative affinity of both ( -) and ( + )202-791 for the dihydropyridine receptor. In contrast, Green et al 29 have suggested that depolarization leads to no change in affinity, rather it increases the number of high-affinity binding sites. Despite these differences in results, it is clear that the action of dihydropyridines can be modulated by membrane potential. One of the most marked differences in the characteristics of the binding of the dihydropyridines was in their temperature dependence. The affinity of the receptor for the Bay k 8644 compounds and the stereoisomers of 202-791 increased 10-15 times from 37° C to 0° C. A similar observation was made for nitrendipine and (-)PN 200-110; however, the change was only fivefold. In contrast, the effect of temperature on the affinity of the receptor for (+ )PN 200-110 was markedly different from all other tested compounds. The affinity of (+ )PN 200-110 was much less affected by temperature, and the optimal binding was not at 0°C (as it was for the other ligands) but at 25° C. Of all the binding properties tested, the single characteristic that distinguished the pure agonists from the antagonists was their energetics of binding. The most striking finding was that, in contrast to all other compounds tested, the binding of the two pure agonists (-)Bay k 8644 and ( + )202-791 was driven by enthalpy and resulted in decreases in entropy. This pattern was observed only with these two compounds, which were the only putatively pure compounds available that are considered to be agonists. The other agonist-like compound tested was racemic Bay k 8644, which is a mixture of the agonist and antagonist isomers 13 and is known to have mixed actions. 10 The racemic compound acts as an agonist at low concentrations in physiologic assays, probably because the agonist-like (-) isomer is more potent than the antagonist-like ( + ) isomer." However, the parameter of importance in the thermodynamic analysis is the binding affinity constant, which for racemic compounds will obviously be influenced by the affinity of both isomers. Thus, it is not surprising that the energetics of the binding of racemic Bay k 8644 differed from the pure agonist-like isomers.
In marked contrast to the energetics of agonist binding, the binding of the most potent pure antagonist ( + )PN 200-110 was driven mainly by entropy at temperatures below 25° C. A similar situation was observed for racemic nitrendipine,at low temperatures. The binding of these compounds at higher temperatures, and of the other antagonist-like compounds at all temperatures, was driven by enthalpy and was associated with small increases in entropy. The differences in the energetics of binding of agonist-and antagonistlike compounds to the Ca 2+ channel is somewhat similar to the pattern reported for the binding of 1 igands to the /3-adrenergic receptor. 32 Antagonist binding to the /8-adrenergic receptor is driven mainly by entropy, while agonist binding is driven by enthalpy and is characterized by decreases in entropy. 32 The opposite is true for the neuronal A,-adenosine receptor for which agonist binding is driven by entropy, while antagonist binding is driven by enthalpy. 33 In the case of dihydropyridines, the present data suggest that a correlation exists between the thermodynamics of binding and the action of the tested dihydropyridines as calciumchannel activators (agonists) Or inhibitors (antagonists). However, further testing of this concept when more pure agonists become available wil I be necessary. The data obtained with the racemic vs. pure isomers of Bay k 8644 show that pure compounds are needed for these studies.
A marked difference in the properties of the binding of the three radiolabelled dihydropyridines was observed in studies with diltiazem, which is a calciumchannel inhibitor that binds to a different class of receptors on the calcium channel. Diltiazem has been shown to allosterically modify the binding of dihydropyridines such as (±)| 3 H]nitrendipine and ( + )['H]PN 200-110. 34 -" 1 Under certain conditions, diltiazem increases the B ma , for ( + )|'H1PN 200-110 and (±)| 3 H]nitrendipine binding to chick heart membranes" and decreases the rates of dissociation of (+ )['H]PN 200-110 and (± )('H]nitrendipine from the chick heart dihydropyridine receptor ( Figure 5 ). In contrast, we found no discernable effect of diltiazem on (±)[ 3 HlBay k 8644 binding to the chick heart membranes. Diltiazem did not slow the dissociation rate ( Figure 5 ), nor alter the B,, m 31 for (i)| 3 H]Bay k 8644. It is possible that one of the isomers of (± )Bay k 8644 induces a conformational change that is unfavorable for al losteric interactions to occur between the cardiac dihydropyridine and diltiazem receptor. Alternatively, diltiazem may have opposite effects on the binding of the (+) and ( -) forms of Bay k 8644, resulting in no discernable effects when the racemic radioligand is used. This could be tested if the pure stereoisomers of Bay k 8644 were to become available in radiolabelled form. (Although the stereoisomers of the other agonist/antagonist pair, 202-791, are now available in radiolabelled form, the very low affinity of the agonist isomer lends question as to whether this ligand will be useful in direct binding studies.)
Taken together, the results of this study indicate that there are marked differences in the characteristics of the binding of several different 1,4-dihydropyridine derivatives to the chick cardiac dihydropyridine receptors. The most striking correlation with their binding properties and their agonistic or antagonistic nature in modulating calcium entry through voltage-dependent calcium channels appears to be in their thermodynamic characteristics.
